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Based upon the holographic principle, Jacobson demonstrated that the spacetime can be viewed 
as a gas of atoms with a related entropy given by the Bekenstein-Hawking formula [1]. Following 
this argument, Friedmann equations can be derived by using Clausius relation to the apparent 
horizon of Friedmann-Robertson-Walker (FRW) universe [2]. Loop Quantum Gravity is a propose 
to description of the spacetime behavior in situations where its atomic characteristic arises. Among 
these situations, the behavior of our universe near the Big Bang singularity is described by Loop 
Quantum Cosmology (LQC). However, a derivation of the LQC equations based on the Bekenstein 
bound is lacking. In this work, we obtain the quantum corrected Friedmann equations from the 
entropy-area relation given by loop quantum black holes (LQBH), setting a still absent connection 
between holographic and LQC descriptions of the cosmos. Connections with braneworld cosmology 
have been also addressed. 


Among the results coming from black hole thermody¬ 
namics, we have the Bekenstein-Hawking formula, where 
the entropy of a black hole is given as proportional to 
its horizon area: S = AjAfiG [3]. Behind the simplic¬ 
ity of this expression, lies a deep intersection between 
two theories that remain at odds until now, gravity and 
quantum mechanics. Interestingly, Bekenstein-Hawking 
formula is one of the few places in physics where the New¬ 
ton’s gravitational constant G meets the Planck constant 
H. In fact, String theory and Loop Quantum Gravity 
(LQG) have shown that the origin of the black-hole ther¬ 
modynamics must reside in the quantum structure of the 
spacetime [4-6]. Moreover, Bekenstein-Hawking formula 
consists in the basis of the holographic principle which 
sets how many degrees of freedom there are in nature at 
the most fundamental level [7-9], and has been claimed as 
a guide principle to quantum gravity. Holographic prin¬ 
ciple has led also to the development of the AdS/CFT 
correspondence, which applications go beyond the con¬ 
ventional use in string theory [10] and M-theory [II], but 
includes its aptness for understanding condensed matter 
systems [12, 13]. 

Hooked up with the results above, we have another 
signal of the relationship between black hole thermody¬ 
namics and the quantum structure of spacetime. As¬ 
suming the proportionality between entropy and hori¬ 
zon area, Jacobson derived the Einstein field equations 
by using the fundamental Glausius relation, SQ = TdS, 
connecting heat, temperature and entropy [1]. The idea 
behind this result is to demand that the Glausius rela¬ 
tion holds for all the local Rindler causal horizon through 
each spacetime point, with SQ and T interpreted, respec¬ 
tively, as the energy flux and Unruh temperature seen by 
an accelerated observer just inside the horizon. The most 
important lesson which brings from this result is that the 
spacetime can be viewed as a gas of atoms with a related 
entropy given by the Bekenstein-Hawking formula, and 
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the Einstein’s field equation is nothing, but an equation 
of state of this gas. Such an interpretation of space- 
time was later reinforced by Padmanabhan who linked 
the macroscopic description of spacetime, described by 
Einstein equations, to microscopic degrees of freedom by 
assuming the principle of equipartition of energy [14]. 

Jacobson’s and Padmanabhan’s results are among the 
main arguments in favor of the holographic hypothesis, 
and has given rise to several works which have strength¬ 
ened the thermodynamical interpretation of Einstein’s 
equations . Actually, it has been shown that the suscepti¬ 
bility of gravitational fields to a thermodynamic behavior 
occurs not only in Einstein’s gravity but also in a wide 
assortment of theories. (For a review and a broad list of 
references see [15]). Among this, one interesting result 
is that Friedmann equations can be derived by the use 
of the Clausius relation to the apparent horizon of FRW 
universe, in which entropy is assumed to be proportional 
to its horizon area. This works not only in Einstein grav¬ 
itational theory, but also in Gauss-Bonnet and Lovelock 
gravities [2]. All these facts confirms that the connection 
between gravity and thermodynamics demonstrated by 
Jacobson must be relevant to the understanding of the 
nature of gravity. Particularly, the derivation of Fried¬ 
mann equations from the thermodynamical Jacobson’s 
argument give support to a new perspective, introduced 
by Fischller, Suskind [16] and Banks [17], where hologra¬ 
phy has been built as a guide principle to cosmology. 

As the holographic hypothesis has established a deep 
connection between classical general relativity and ther¬ 
modynamics, one could think about the possibility of 
a connection between quantum gravity and a statistical 
theory of spacetime. However, even though holography 
constitutes an important argument in support of the idea 
that spacetime has an atomic structure, in the same way 
that Boltzmann kinetic theory of gases foresee the reality 
of atoms of matter, it does not tell us how such a struc¬ 
ture would be. In this way, holography asks for a theory 
that provides a microscopical description of spacetime. 
LQG, on the other hand, proposes a way to model the 
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behavior of spacetime in situations where its atomic char¬ 
acteristic arises. Among these situations, the behavior of 
our universe near the Big Bang singularity is described 
by Loop Quantum Cosmology (LQC), which is a model 
for the universe based on the quantization methods of 
LQG [18]. This description of cosmology which takes 
into account effects of quantum gravity has become very 
popular during the last decade, because it allows making 
contact to observation [19, 20]. Moreover, a possible du¬ 
ality between LQC and braneworld cosmology has been 
setting, even though these two descriptions of the uni¬ 
verse remains at odds in relation of the right signal of 
the quantum corrections in the friedmann equations [22]. 

The best known finding in LQC is the resolution of 
the Big Bang singularity, since there are long standing 
prospects that the General Relativity initial singularity 
must be solved in the context of a quantum gravity the¬ 
ory. In the case of LQG, the Big Bang singularity is natu¬ 
rally replaced by a bounce that takes place when the cur¬ 
vature becomes strong (reaches the Planckian regime). In 
this point, the universe density does not becomes infinite 
anymore, but assumes a maximum finite critical value. 
This in return has consequences for example for the spec¬ 
trum of primordial gravitational waves. Moreover, as has 
been shown by [21], the existence of an upper bound on 
the energy density of the mater in LQG, which translates 
into an upper bound for the trace of extrinsic curvature, 
not only results in the resolution of Big Bang singular¬ 
ity, but also in a generic resolution of all strong curvature 
singularities and finiteness of spacetime curvature for flat 
isotropic LQC. 

All these facts have put LQC in a current exciting sta¬ 
tus. However, in order to have a statistical description 
of the universe evolution based on LQC, its is necessary 
to answer a question that remains open until now: what 
is the correct way to count the spacetime states in agree¬ 
ment with the LQC description of the universe? To find 
out the correct answer to this question, one must to re¬ 
member that it must lie in the holographic principle in 
scenarios where gravity has a fundamental rule, as in the 
context of LQC [9]. In this way, a holographic prescrip¬ 
tion to LQC becomes necessary. 

The issue of the relation between LQC and hologra¬ 
phy has been investigated by Cai et al [23], by the use of 
Jacobson formalism, where a logarithmic quantum cor¬ 
rected Bekenstein-Hawking formula which arises in the 
context of LQG [24] has been taken into account. How¬ 
ever, this attempt to obtain the LQC equations from 
Bekenstein-Hawking entropy, has led to entropic cor¬ 
rected Friedmann equations which give a different sce¬ 
nario from LQC ones. Actually, the worse conclusion 
from the analysis done by Cai et al is that a bounce does 
not occurs and the Big-Bang singularity is not resolved, 
which establishes a breakup between the description of 
the spacetime behavior near the Big Bang and the way 
how its degrees of freedom are counted in the context of 
LQG. By the way, in the work by Cai et al, a relation 
between black hole entropy and horizon area is found out 


in agreement with LQC. However, this relation have no 
physical justification, bnt consist just in a mathematical 
result found from their own LQC equations. In front of 
this difficult, the important issue of the description of 
the thermodynamical evolution of the universe through 
its different eras, may be being built on sand in the con¬ 
text of LQC. 

In this work, we shall follow an alternative way to 
get quantum corrections to Bekenstein-Hawking formula 
that arises in the context of loop black holes [25-27], to 
obtain obtain the correct count of spacetime degrees of 
freedom in order to reproduce the LQC description of the 
cosmos. It will pave the way to a statistic mechanical pre¬ 
scription to LQC based on the holographic principle. In 
this paper, we shall use h = c = kB = G = l. 

Loop quantum black holes — A loop black hole, also 
called self-dual black hole, consists in a quantum gravity 
corrected Schwarzschild black hole that appears from a 
simplified model of LQG by the use of semiclassical tools 
in the minisuperspace quantization approach. The loop 
quantum black hole scenario is described by a quantum 
gravitationally corrected Schwarzschild metric, given by 
= —G{r)dt^ + F~^{r)dr^ + H{r){d9‘^ + sm^ 9d(p), 
where the metric functions are given by 


G(r) 

F{r) 


(r — r_|_)(r — r_)(r -|- r,)^ 


^0 


(r - r^Xr - r.)r . ^ ^ ,,, 


(r-b r,)2(r4-p Oq) ’ ' ' 1-2 


In this scenario, we have the presence of two horizons 
- an event horizon localized at r+ = 2m and a Cauchy 
horizon localized at r_ = 2mP^. Furthermore, we have 
that r* = y/F\jrZ = 2mP, where P is the polymeric 
function given by 


P = 


VT+l^ + i 


; «o = 


A 

■^min 

Stt 


( 2 ) 


and Amin is the minimal value of area in Loop Quantum 
Gravity. 

In the metric above, r is only asymptotically the usual 
radial coordinate since ggg is not just r^. A more phys¬ 
ical radial coordinate is obtained from the form of the 
function H{r) in the metric (I) 


( 3 ) 

in the sense that it measures the proper circumferential 
distance. Moreover, the parameter m in the solution is 
related to the ADM mass M hy M = m{l + P)^. 

An interesting property of LQBH is the property of 
self-duality. This property says that if one introduces 
the new coordinates r = Op/r and t = trl/ao, with f± = 
oo/rzp the metric preserves its form. The dual radius is 
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given by Vduai = f = y/oo and corresponds to the minimal 
possible surface element. Moreover, since the Eq. (3) can 
be written as R = 'J , it is clear that the solution 
contains another asymptotically flat Schwazschild region 
rather than a singularity in the limit r —>■ 0. This new 
region corresponds to a Planck-sized wormhole. 

The derivation of the black hole’s thermodynamical 
properties from the LQBH metric proceeds in the usual 
way. The Bekenstein-Hawking temperature Tbh can be 
obtained by the calculation of the surface gravity k by 
Tbh = «;/27r, with 


= -\9^^9poV"., , ( 4 ) 

where = (!> Oj 0, 0) is a timelike Killing vector and 
are the connections coefficients. 

By connecting with the metric, one obtains that the 
loop quantum black hole temperature is given by 


(2to)3(1 - 
47r[(2m)'‘ -b Oq] 


( 5 ) 


It is easy to see that one can recover the usual Hawk¬ 
ing temperature in the limit of large masses. However, 
differently from the Hawking case, the temperature (5) 
goes to zero for m —>■ 0. In this point, we remind that 
the black holes ADM mass M = to(I -I- P)^ « m, since 
P< 1. 

The black hole’s entropy can be found out by making 
use of the thermodynamical relation 55 // = f dm/T{m). 


47 r(l + P)^ r 16to^ — Oq ' 
(1 — P^) - 16m^ 


Moreover, one can obtain an expression for the black 
hole entropy in terms of its area [27] 


c _ ~ ^min (1 + P) 

4 (I-P) 

where we have set the possible additional constant to 
zero. S is positive for m > and negative other¬ 

wise. The double possibility in the signal of the loop 
black hole entropy is related with the two possible phys¬ 
ical situations that arise from loop quantum black hole 
structure, where the event horizon can be outside or in¬ 
side of the wormhole throat [26]. 

The thermodynamics properties of LQBH has been 
also obtained through the Hamilton-Jacobi version of the 
tunneling formalism [29]. By the use of this formalism, 
back-reaction effects could be included. Moreover, exten¬ 
sions of the loop quantum black hole solution to scenarios 
where charge and angular momentum are preset can be 
found in [30]. The issue of information loss has been also 
addressed in the context of loop black holes. In this case. 


it has been pointed that, in this framework, the prob¬ 
lem of information loss by black holes could be relieved 
[28, 29, 31]. This result may be related with the absence 
of a singularity in the loop black hole interior, and con¬ 
sists in a forceful result in benefit of this approach. 

Quantum corrected Friedmann equation from LQBH — 
In despite of its complexity, according to the cosmolog¬ 
ical principle, our universe can be considered, at very 
large scale, as homogeneous and isotropic. Based on this 
simplifying assumption, the Friedmann equations are a 
set of equations that govern the expansion of the uni¬ 
verse in the context of General Relativity. They were 
first derived by Alexander Friedmann in 1922 from Ein¬ 
stein’s field equations of gravitation for the Friedmann- 
Lemaitre-Robertson-Walker metric and a perfect fluid 
with a given mass density and pressure [32]. 

The Friedmann equation of an uniform cosmology is 
typically written in the form 



( 8 ) 


In the equation above, H is the Hubble parameter, R is 
a scale factor of the universe, p is the energy density, and 
fc is a dimensionless constant related to the curvature of 
the universe. The Hubble parameter is defined as H = 
R/R = d/a, where a is the dimensionless scale factor of 
the universe given by a = R/Rq and Rq is the scale factor 
of the universe at some canonical time to • An example 
of Ro is the average distance between galaxies. 

Friedmann equations must incorporate quantum cor¬ 
rections in order to explain the evolution of the universe 
in the stages close to the Big Bang singularity, where the 
spacetime must have a quantum behavior. In fact, quan¬ 
tum corrections to Friedmann equations have been found 
out in the context of Loop Quantum Gravity, where the 
quantum corrections imply in an additional contribution 
in the density term. Due to the additional term in the 
Friedmann equation, a quantum bounce replaces the Big 
Bang singularity when the density of the universe as¬ 
sumes a critical value given by pcrit = •\/3/(327rG^7^), 
where 7 is the Barbero-Immirzi parameter [18, 33]. 

In this paper, we shall start from the assumption that 
the entropy associated with the apparent horizon of the 
universe is related with its area by the modified entropy- 
area relation (7), to obtain quantum gravity corrections 
to Friedmann equations. To do this, we shall follow the 
procedure developed in [2] and [23]. 

The FRW universe is described by the following metric 


= —dt^ + 4 " r'^dVi^ 

= habdx°‘dx^ + f^dL!,2 , (9) 

where hat = diag{—l,a'^/{l — kr‘^)) and f = a{t)r. More¬ 
over, the radius of the apparent horizon is given by 
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ta 


1 


( 10 ) 


R ^ 'J~ ^minf I N /-.O'! 

^ ^ (TTT^-1-^ 


Now, let us suppose that the energy-momentum tensor 
T^jy of the matter in universe has the form of a perfect 
fluid: 


= {p+p)Uf,Uy+pg^y . ( 11 ) 

The energy conservation law leads to the continuity 
equation 


p + 'iH{p + p) = 0 . 


( 12 ) 


In this point, we shall define the work density W and 
the energy-supply vector ip as 


W=--T-%ab-, 


(13) 


and 


ipa = T^dbf+ Wdaf . (14) 

We shall have, in our case 


and 


W = ^{p-p)] 


(15) 


=-]^{p + p)Hfdt+ ]^{p + p)adr . (16) 

From the expressions above, we can compute the 
amount of energy going through the apparent horizon 
during the time interval dt as [2] 


SQ = —Alp = A{p + p)HrAdt , (17) 

where A = A'Kf\. 

As have been emphasized by Cai et al [23], the horizon 
temperature is completely determined by the spacetime 
metric, independently of gravity theories. On the other 
hand, the horizon entropy depends on gravity theory we 
are considering. The temperature associated with the 
apparent horizon is given by T = (2fcB7rf^)“^, which was 
obtained in the reference [34] through tunneling methods. 
On the other hand, the apparent horizon entropy will be 
given by the Eq. (7). In other words, only the entropy- 
area relation will be changed. 

With all these results in our hands, using the Clausius 
relation SQ = TdS, we can reach 


In order to obtain the Friedmann equation above we have 
used the relation 


= . (19) 

Now, using the continuity Eq. (12), we can find 

Stt dp _ (1 + P) A d(H^ + k/a^) 

3 dt (1 - P) 7^2 _ ^2 dt ' ^ ’ 

Integrating the equation above yields 



47r 


A 


min 


cos(A) , 


( 21 ) 


where A = ± 


MmirLptzfln 

3 (1 + P)d 


and a is a phase con¬ 


stant. 

The Eqs. (18) and (21) above consist in the quantum 
version of the Friedmann equations which appear in the 
context of LQBH. As we can see, the quantum corrections 
present in these equations, inherited from the loop quan¬ 
tum black hole entropy-area relation, implies in a quan¬ 
tum effective density term which is a harmonic function 
of the classical density. A very important consequence 
of this result is that the quantum corrected Friedmann 
equations bring us a scenario where the Big Bang initial 
singularity does not exist anymore, but is replaced by 
a bounce at a point where the universe density gets a 
critical critical value, as occurs in LQC. 

Relation with usual semiclassical LQC and braneworld 
cosmology — In this point, we shall put all quantum cor¬ 
rections that appears in the Eq. (21) on the right-hand 
side. To do this, we shall write this equation in terms 
of the classical radial coordinate, i.e, in terms of the ra- 

j ~ 2 2 

dial coordinate f'^ in the relation ta = y -I- d^jr' 
(See the Eq. (3)). Moreover, we shall make the phase 
constant in the Eq. (21) explicit, in order to obtain the 
correct value of the universe critical density, i.e, the uni¬ 
verse density when the bounce occurs. 

In this way, using the Eq. (10), we have that 


+ ^ = 


P 


l + a2(iJ'2 + ^)2 

cos(A) , 


A. 


( 22 ) 


where the commas denote that the functions depend on 
r'. 

Solving the equation above, we find out two identical 
solutions given by 
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1 - 1 - sin 

{2/3) Annin (1+P) P Of 

Qq cos 

{ 2 / 3 ) Annin 

(l-P) 

(1 + P)P ^ 


(23) 


The expansion of the right-hand side of the equation 
above give us 

+ — = A{a)p^ + B{a)p + C{a) + 0{> ) , (24) 

where 


A{a) 


B{a) 

C{a) 


m {l-Pf 

9 (1 + P)2 

tan(Q;) sec(Q;) -I- , 

167r (1 - P) 


sec(a) ^ tan^ (a) 


3 (1-fP) 
Stt 


sec(Q;)(sec(Q;) — tan(a)) 


An 


(sec(Q;) — tan(a)) , 


(25) 


and the terms of order 0 {> ^^in) can be disconsidered 
front of the other ones. 

In order to hx correctly the phase constant in the 
equation (25), with shall take the simple redefinition 
of the universe density p —>■ {q)~"^{(3p — 6 ), with g = 
{B + 2A)/A, 13 = B + 2A, and 6 = {B + 2A)/2A){1 ± 
a/1 -I- AACI{B + 2A), one obtains: 


H + ^ = 


SttG 


0 {a)) ’ 


(26) 


where the signal of ^(q;) depends of the choice of the 
phase constant. 

If we appropriately choice the phase constant as a « 
0.7805 rad, we obtain, for 7 = 0.2375, g = Pc = 
■\/3/(327r7^), the critical density value in LQC. In this 
way, usual semiclassical LQC Friedmann equation can 


be recovered as an approximation of the equation of state 

( 21 ). 

On the other hand, a very interesting fact occurs if one 
takes values of the phase constant in a way that g{a) < 0 . 
In this case, we can rewrite it as p = —2 (t, for cr > 0, and 
then obtain 


H^ + — = 



(27) 


which corresponds to the braneworld cosmology Fried¬ 
mann equation with cr as the brane tension [35]. As a 
matter of fact, the duality between LQC and braneworld 
cosmology has been addressed in [22]. From the results 
above, LQC and braneworld cosmology equations can 
emerge from the equation ( 21 ), differing only by a phase 
constant. 

Summary and outlook — Quantum corrected Fried¬ 
mann equations has been derived from the modified 
Bekenstein-Hawking formula to black hole entropy so¬ 
lution that arises in the context of LQBH. The compati¬ 
bility with the results of standard LQC, following the Ja¬ 
cobson’s approach [ 1 ] might suggest that the black hole 
entropy counting performed in loop black hole’s scenario 
may be on a more solid footing than other counting pro¬ 
cedures such as those given in other approaches like [24]. 

The usual semiclassical LQC, as well as braneworld 
cosmology, equations are recovery when one discards the 
upper orders of quantum corrections through of an ap¬ 
propriate choice of a phase constant. In despite of the 
fact that braneworld Friedmann equations do not ad¬ 
mit a bounce, its occurrence is ensured by (21). Since 
this equation is an equation of state for the cosmologi¬ 
cal evolution of spacetime, semiclassical LQC, and more 
surprisingly braneworld cosmology, would appear as a 
thermodynamical effect whose origin would lies in the 
atomic structure of spacetime described by LQG. This 
result could be a sign of a deep connection between LQG 
and string theory where the later could emerge from the 
first as a thermodynamic effect, consequence of a quan¬ 
tum spacetime measurement mechanism. 
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